Objective. The aim of this study was to investigate the hematopoietic profile in AAS abusers, during or short after their last abuse and approximately six months later. Moreover, we studied if supraphysiological doses of testosterone influence the concentration of hemoglobin and erythropoietin in healthy volunteers. Design and Methods. Subjects ( = 31) were recruited through an antidoping hotline. The hematological profile was measured when the subjects entered the study and approximately 6 months later. Testosterone enanthate (500 mg) was administered to healthy volunteers ( = 24). Gene expression was studied in human hek293 cells exposed to 1 M testosterone. Results. Decreased levels of hemoglobin, erythrocyte volume fraction, and erythrocyte counts were observed after 6 months without the use of AAS. Results in volunteers show that hemoglobin increased 3% four and 15 days after testosterone administration, whereas EPO was significantly increased by 38% four days after dose. Agreeingly, in vitro study shows that testosterone induces the mRNA level of EPO with 65% after 24-hour exposure. Conclusion. These results indicate that supraphysiological doses of testosterone may cause a perturbation in the hematopoietic profile. This is of interest in relation to the adverse cardiovascular effects observed in AAS abusers.
Introduction
The group of anabolic-androgenic steroids (AAS) includes testosterone and its analogue synthetic derivatives and chemical congeners. They are commonly abused by athletes and sportsmen to improve muscle mass and enhance exercise performance. AAS are the most frequently detected doping agents, testosterone being the predominant steroid (http://www.wada-ama.org). Notably, the abuse of these agents among nonprofessional athletes, as well as among people who want to enhance their physical appearance, is a growing public health problem and has become a major society concern [1-3].
The adverse effects of AAS on the cardiovascular system include adverse changes in cholesterol levels [4] , endothelial dysfunction [5] , and alterations of the structure of the heart, such as enlargement and thickening of the left ventricle which impairs its contraction and relaxation [6, 7] . Several case reports suggest that AAS may induce thrombotic events such as myocardial infarction [8] [9] [10] [11] [12] [13] . A possible mechanism contributing to thrombogenesis is an increase in hemoglobin (Hb) associated with AAS use [14] . Such increases in hematocrit values have been associated with cardiovascular risks including atherosclerosis, coronary artery disease, and myocardial infarction [15] [16] [17] .
Even though it is well known that testosterone increases hematocrit and hemoglobin during testosterone replacement therapy [18, 19] there are few studies investigating how supraphysiological doses of testosterone and other AAS such as those used in doping affect the hematological system. Alen found that power athletes using AAS have higher hematocrit, mean corpuscular hemoglobin concentration (MCHC), and 2 Journal of Hormones erythrocyte sedimentation rate (ESR) compared to those not taking AAS [20] . Another small study showed that 67% of bodybuilders using AAS had elevated hematocrit levels [21] .
Whether supraphysiological doses of testosterone induce erythropoietin (EPO) production in healthy men has not been studied before although it is known that androgens induce EPO concentrations in anemic patients [22, 23] , in rodents [24, 25] , and in hypogonadal men [26] . The aim of this study was to investigate the hematological profile in AAS abusers, during or short after their last abuse and approximately six months after discontinued use. Moreover, we studied if supraphysiological doses of testosterone influence the concentration of Hb and EPO in healthy volunteers.
Subjects and Methods

Study Group 1: AAS Abusers.
Study group 1 consisted of clinical data from an earlier study in which thirty-one men between 18 and 57 years old had been recruited for the project between 1998 and 2002 [4] . A few were recruited by referral from colleagues working in emergency medicine, but most were asked to participate when contacting the antidoping hotline, a free telephone counseling service for individuals affected by or people concerned with abuse of anabolic androgenic steroids [1] . A genuine desire to give up the abuse of AAS was a prerequisite to be included. Participation was commenced after informed consent, and no economical remuneration was given to participants. The project was approved by the Ethics Committee of the Karolinska Institutet, Stockholm, Sweden. In this study blood samples were collected at different time points and a series of hematological parameters were monitored. These hematological parameters including Hb, erythrocyte counts, erythrocyte volume fraction (EVF), thrombocyte count, Hb mass, mean corpuscular volume (MCV), and mean corpuscular hemoglobin concentration (MCHC) were analyzed at their first visit and compared to values six months later. At each visit the participants met with a research nurse who could answer questions and check their social and psychological condition. If necessary, individuals were referred to qualified medical assessment and treatment at the psychiatric or endocrine departments of the hospital.
Study Population 2: Healthy
Volunteers. This group included 24 male volunteers aged 27-43 years (mean 33.8 ± 4.7). All participants underwent a medical examination including laboratory tests before enrolment. All participants had negative screening tests for illegal drugs, AAS, HIV, and hepatitis B or C virus and were not taking any therapeutic drugs. The participants were given a 500 mg intramuscular dose of testosterone enanthate (Testoviron, Depot). Blood samples were collected prior to (day 0) and four and fourteen days after testosterone administration for analyses. Blood samples were collected between 07.00 h and 09.00 h after an overnight fast. The study was approved by the local ethics committee and was performed in accordance with the Helsinki declaration. Written informed consent was obtained from all study participants before they entered the study.
Hematological and Hormone Measurements.
Hb, erythrocyte counts, erythrocyte volume fraction (EVF), thrombocyte count, Hb mass, mean corpuscular volume (MCV), and mean corpuscular hemoglobin concentration (MCHC) in study group 1 (AAS abusers) were analyzed at the Department of Clinical Chemistry, Karolinska University Hospital, using standard clinical routine methods. The samples from study group 2 (healthy volunteers) were analyzed for total serum testosterone and EPO concentration also using routine immunochemical methods. Hb was analyzed using HemoCue analyzing system.
Cell Experiments.
Hek293 cells were cultured in minimum essential medium, 10% fetal bovine serum, and 1 mM sodium pyruvate. All cell culture media and their ingredients were obtained from Life Technology. Cells were plated in 24-well plates and grown overnight. Testosterone enanthate (Sigma Aldrich) dissolved in ethanol was added to the cells (1 M) and grown overnight (16 h). The nontreated controls were incubated with vehicle only. Each treatment was performed in six independent experiments. The cells were harvested with 200 L trizol (Invitrogen, UK) and total RNA was extracted according to manufacturer's instructions. The RNA (0.3 g) was reverse transcribed into cDNA with hexamer primer using High Capacity cDNA Reverse Transcriptase kit (Applied Biosystems) according to the manufacturer's protocol and diluted 10 times.
Real Time PCR.
The mRNA levels of EPO in testosterone treated Hek293 cells were determined by real time PCR. GAPDH (# 4310884E Applied Biosystems) was chosen as endogenous housekeeping control gene. Quantitative real time PCR was performed using the 7500 Fast (Applied Biosystems). Reaction mixtures contained 2xTaqman reaction mix (Applied Biosystems), 1 L of gene specific expression assay (Hs01071097 m1, Applied Biosystems, Foster City, CA), and 2 L cDNA template in a total volume of 15 L. Thermal cycling conditions included activation at 95 ∘ C (10 min) followed by 45 cycles each of denaturation at 95 ∘ C (15 sec) and annealing/elongation at 60 ∘ C (1 min). Each reaction was performed in triplicate and no-template controls were included in each experiment. The untreated samples were employed as calibrators and the delta delta CT-formula was used as previously described [27] . The gene expression was quantified as the yield of the target gene relative to that of GAPDH gene.
2.6. Data Analysis. The concentrations of hematological parameters in AAS abusers and the concentration of EPO prior to and after testosterone exposure were compared using paired -test. EPO and Hb in healthy volunteers prior and after the administration of testosterone were compared using Friedman test followed by Dunns comparison test. The mean values are presented as mean ± SD. The correlation analysis between EPO and total testosterone was performed using Spearman's rank test. The EPO mRNA level in Hek293 cells, prior to and after testosterone exposure, was compared using Mann-Whitney test. All statistical analysis was performed 
Results
Steroid Profile in AAS Abusers.
Thirty-one of the 56 AAS subjects that tested positive for nandrolone, testosterone, and/or stanozolon at the first visit, did not relapse into AAS abuse, and returned to a 6-month follow-up were included. The mean age was 26.4 (range 18-57), the mean time on AAS abuse was 5.2 years (range 0.5-17), and the mean time since last reported AAS intake was 84 days (range 0-365). Fifty-four percent tested positive for testosterone, 61% for nandrolone, and 35% for stanozolol. Sixty-three percent of the included AAS abusers were hypogonadal (<12 mmol/L total testosterone) as defined by [28] when they enrolled in the study, whereas at the 6-month follow-up visit 43% were still identified as hypogonadal. Four of the included subjects displayed extremely high circulatory concentration of total testosterone (>50 mmol/L). Three of these individuals reported a use of AAS within the last 3 weeks. All data about the AAS abusers study population have been summarized in Table 1 .
Hematological Profiles in AAS Abusers.
Hb was significantly higher at the first visit (mean 162 ± 11 g/L) as compared to after 6 months without AAS (mean 155 ± 9.5 g/L), = 0.0005. Seventy-seven percent of the participants showed lower Hb at the second visit (Figure 1(a) ).
Erythrocyte count was significantly higher at the first visit (mean 5.5 ± 0.41 × 10 12 /L) as compared to the 6-month follow-up (mean 5.2 ± 0.49), = 0.0008 (Figure 1(b) ). Similarly 87% of the participants had decreased their erythrocyte count at the second visit.
EVF was significantly higher at the first visit (mean 47.2 ± 2.9%) than after 6 months without AAS (45.0 ± 2.8), = 0.0008 (Figure 1(c) ). Sixty-five % of the participants exhibit lower levels at visit 2 as compared to visit 1.
The level of thrombycotes, Hb mass, MCV, and MCHC did not significantly differ between the two visits ( Figures  1(d)-1(g) ).
Hematological Profiles in Healthy
Volunteers. The concentration of EPO was significantly 38% higher four days after the administration of 500 mg testosterone enanthate (mean 11.55 ± 3.41 E/L) as compared to day 0 (mean 8.15 ± 2.66), = 0.03. An increase was observed in 85% of the participants. The EPO concentrations were back to baseline values on day 15 (mean 10.58 ± 4.30) (Figure 2(a) ).
There was a minor 3% increase in the Hb concentration four days after the testosterone injection, which remained 15 days after testosterone dose ( = 0.04) (Figure 2(b) ).
There was no correlation between the EPO and testosterone concentrations on day 0 whereas on day 4 a significant correlation between the increase in EPO and increase in testosterone was observed ( = 0.64, = 0.01) ( Figure 3 ).
EPO Gene Expression in Testosterone Exposed
Hek-293 Cells. Hek293 cells were exposed to testosterone enanthate (1 M) for 16 h and the mRNA levels of EPOwere determined by real time PCR. Testosterone enanthate induced EPO mRNA levels 1.8-fold compared to the vehicle treated controls ( = 0.01), Figure 4 . These data indicate that testosterone modifies the transcriptional activity of EPO in Hek293 cells.
Discussion
It is generally known that AAS abuse leads to elevated levels of hematocrit and Hb as has been demonstrated in bodybuilders [20, 21, 29] . Here we show for the first time that cessation of AAS abuse results in a decrease in Hb, EVF, and erythrocytes count. It is generally known that testosterone affects the hematological profile even though limited scientific data exists supporting this in young healthy men who are most likely to use AAS for doping purpose. Several studies have shown that therapeutic use of testosterone stimulates erythropoiesis, particularly when using testosterone ester injections. In fact erythrocytosis is the most frequent doselimiting adverse event of testosterone replacement therapy [30] . The molecular explanation behind the erythropoietin stimulatory effect of testosterone is not known, but several hypotheses propose that androgens exert a direct effect on the bone marrow (extensively reviewed by Shahani et al. [31] ). Bachman et al. suggested that suppression of hepcidin may be a putative link [32] .
In addition, our results indicate that supraphysiological doses of testosterone increase the production of EPO in healthy volunteers. Our results are in agreement with an animal study [25] and a small human study [22] showing that testosterone induce EPO production. However, some studies failed to find an increase in EPO after administration of testosterone in hypogonadal men [33, 34] . Our results support the notion that testosterone induces EPO, at least in healthy men. Analysis of the correlation between the increase in total testosterone and EPO on day four further supports the theory that the increase in EPO is testosterone dependent, Figure 2 : The concentration of (a) EPO and (b) Hb in healthy volunteers prior to the injection of 500 mg testosterone enanthate (day 0) and four and fifteen days after. A significant increase in EPO was observed on day 4 but it was back to baseline on day 15. Hb was significantly elevated on day 4 and day 15.
Relative testosterone increase
Relative EPO increase at least partly. This assumption received further support by our in vitro results showing that a supraphysiological dose of testosterone increases the gene expression of EPO with 65% in Hek23 cells. The testosterone concentration used in our in vitro experiments (1 M) is within the range of the serum levels achieved after administration of 500 mg testosterone enantahte to healthy volunteers [35] . In agreement with our finding, a recent study showed that testosterone induces the mRNA expression of EPO in rats [36] . It has also been shown that androgens may increase the expression of the EPO receptor [37] indicating a further biological effect of androgens.
We show that the EPO induction in healthy volunteers was accompanied by an increase in Hb. In contrast to EPO, Hb was still elevated 15 days after dose which probably is due to the long life span of the erythrocytes [38] . It is possible that EPO and Hb may be even more elevated after repeated use of testosterone. Even though the Hb increase was minor (intersubject variation between −4% and +14%) it may contribute to performance enhancing effects in the athletes.
The Athlete Biological Passport, introduced by WADA, is a new means of doping testing that aims to monitor consecutive samples from the same individual. This passport comprises of three modules, the steroid, the hematocrit, and the endocrine profile [39] . Our results show that the intake of testosterone affects not only the steroid profile but also the hematocrit profile. Hence an increase in Hb and EVF is cause for suspicion of AAS use, just as is the case in blood doping. This needs to be taken into account when expert panels are judging the profiles in future test programs.
Even though at least six months had passed since the AAS abusers took their last dose, several of the subjects were still displaying low levels of circulatory total testosterone at their follow-up visit. It is known that the time adapting to a normal endocrine level may take years or even be irreversible in some cases [40] [41] [42] [43] . Our previous studies involving the same AAS abusers have shown that nandrolone has a long standing effects on LH and FSH [4] . The concentrations of 6 Journal of Hormones total testosterone in four of the abusers were above 50 nmol/L at the first visit and as high as 137 nmol/L for one subject. Such high circulatory concentrations of testosterone have been observed before in AAS abusers [44] .
No changes in thrombocytes count were seen after discontinued AAS use. Ferenhick found that weight lifters using AAS showed a significant trend towards increased platelet counts compared to nonusers [45] . Indirectly, testosterone may exert prothrombotic effects through its aromatization to estradiol, in contrast to nandrolone. When including only individuals that were positive for testosterone doping, that is, with a T/E ratio above 4, a significant 15% decrease in thrombocytes count was found (data not shown).
Despite an increasing knowledge that AAS use increases the risk of cardiovascular diseases there are, as expected, no prospective interventional studies on the long term cardiovascular effects of AAS use to date [14] . It is difficult to study the effects of AAS in vivo. For ethical and medical reasons only single doses of AAS may be studied in healthy volunteers. The medical examination of AAS abusers may give some information about the effects of AAS but one drawback using AAS users is that in some cases the AAS are coused with other drugs, such as clenbuterol, growth hormone, and aromatase inhibitors. The population used herein must be considered rather unique since the coabuse of narcotics was rare at the time of inclusion. Only three subjects were withdrawn from the study due to positive narcotics tests. Another drawback with this study is that the time since their last AAS use differs markedly, making it impossible to draw any conclusion on the time frame for normalization of the hematocrit.
In conclusion, we have shown that a cessation of AAS use leads to significant decrease in Hb, hematocrit, and erythrocyte counts, notably leading to a normalization of these values. In healthy men, administration of supraphysiological dose of testosterone increased Hb and the concentration of EPO. It is possible that stimulation of erythropoiesis together with perturbation in the cholesterol profile and endothelial health may all contribute to an increased risk of cardiovascular events in AAS users.
